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Abstract

The bacterial effector protein RavZ is secreted by the intracellular pathogen
Legionella pneumophila and inhibits host autophagy through an irreversible deconjugation of
mammalian ATG8 (mATG8) proteins from autophagosome membranes. However, the roles
of the LC3 interacting region (LIR) motifs in RavZ function remain unclear. In this study, we
show that a membrane-targeting (MT) domain or the LIR motifs of RavZ play major or
minor roles in RavZ function. A RavZ mutant that does not bind to mATGS8 delipidated all
forms of mATGS8-phosphatidylethanolamine (PE) as efficiently as did wild-type RavZ.
However, a RavZ mutant with a deletion of the MT domain selectively delipidated mATGS-
PE less efficiently than did wild-type RavZ. Taken together, our results suggest that the
effects of LIR motifs and the MT domain on RavZ activity are complementary and work

through independent pathways.
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Introduction

Autophagy, or macroautophagy, is a cellular lysosomal degradation mechanism for
breaking down cytosolic components, such as proteins, lipids, DNAs, RNAs, and organelles,
to maintain cellular homeostasis under physiological conditions or different types of stress,
such as starvation (1). The autophagy process is tightly regulated by many autophagy-related
(ATG) proteins, including ATGS. In yeast, ATGS8 is a small ubiquitin-like (Ubl) protein that
is covalently conjugated to phosphatidylethanolamine (PE) in autophagosomes after
proteolytic cleavage of its C-terminus by ATG4 cysteine protease, which is also involved in
delipidation of ATGS-PE to release ATG8 from autophagosomes (2, 3). Although there is

only one ATGS protein in yeast, mammalian ATG8 (mATGS) proteins belong to one of two
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subgroups: a family of microtubule-associated protein light-chain 3 (LC3) proteins, LC3A,
LC3B, and LC3C, and a family of y-aminobutyric acid receptor-associated proteins
(GABARAPs), GABARAP, GABARAP-L1, and GABARAP-L2 (2, 3). These proteins are
also lipidated by PE conjugation to their C-terminal regions.

Since its discovery, autophagy has been considered to be a non-selective degradation
pathway in the lysosome. However, recent evidence suggests that autophagy could be a
selective process guided by specific autophagy receptors and adaptor proteins for substance
selection, recruitment, and degradation. Selective autophagy has been classified into different
categories, including mitophagy, pexophagy, aggrephagy, reticulophagy, and xenophagy (4,
5). Xenophagy is a host-cell immune response responsible for the removal of intracellular
pathogens, such as cytoplasmic bacteria, viruses, and fungi (6). Intracellular pathogens are
ubiquitinated and targeted for autophagic degradation via autophagy adaptors or autophagy
receptors, such as p62, NDP52, or CALCOCO2, which commonly have LC3-interacting
region (LIR) motifs and Ub-interacting domains, including UBA, UBZ, and ZnF (6, 7).
However, many bacteria have evolved mechanisms to inhibit host autophagy. Legionella
pneumophila can impair host autophagy via the bacterial effector protein, RavZ, which
induces irreversible delipidation of mATGS8-PE proteins on autophagosome membranes (8, 9).
RavZ, therefore, functions as a cysteine protease similarly to the endogenous ATG4B in host
cells. However, the two proteins differ in several ways (9-11). Mammalian ATG4B
hydrolyzes the amide bond linking glycine and PE, whereas RavZ hydrolyzes the amide bond
between the C-terminal glycine residue and an adjacent aromatic residue. Therefore, RavZ
renders its target resistant to being re-conjugated to PE by the host machinery. Additionally,
ATG4B cleaves both soluble and membrane-anchored mATG8 proteins, whereas RavZ

cleaves only membrane-anchored mATGS8 proteins. Therefore, unlike ATG4B, RavZ proteins



delipidate mATGS8-PE on autophagic membranes irreversibly. Moreover, ATG4B depletes
mATG8 proteins more slowly than does RavZ.

Both ATG4 and RavZ contain LIR motifs, which are well-known consensus
sequences in mATGS8 proteins. Mammalian ATG4B contains a functional C-terminal LIR
motif, which binds efficiently to mATGS8 proteins and cleaves them (12). The C-terminal LIR
motif of ATG4B is also involved in the depletion of mATGS8 from the membrane (13). In
yeast, the LIR motifs of ATG4 are involved in ATG8-PE binding and the depletion of ATGS-
PE from the autophagosome membrane (14). ATG4 has two LIR motifs; one is the N-
terminal LIR motif, APEAR (ATGS-PE association region), and the other is the C-terminal
LIR, CLIR. The APEAR of ATG4 is involved in the binding and deletion of ATGS-PE on the
autophagic membrane, whereas the CLIR participates in constitutive binding to ATGS8 (14).
The RavZ protein contains three LIR motifs: an N-terminal LIR1 with two motifs (LIR1/2),
and a C-terminal LIR3 motif. RavZ binds to two LC3B proteins through its N-terminal and
C-terminal LIR motifs, leading to autophagic membrane localization (15). Therefore,
mutations in any of the LIR motifs prevent the delipidation of mATGS8-PE proteins (15).
Other studies report that the phosphatidylinositol 3-phosphate (PI3P) binding MT domain of
RavZ plays an essential role in autophagic membrane targeting, and on autophagic
membranes, the LIR2 motif of RavZ is involved in the initial recognition of LC3B-PE (10,
11). Therefore, the contribution of LIR motifs to autophagic membrane targeting and
substrate recognition of RavZ is controversial.

In this study, we found that RavZ mutants with mutations in all LIR motifs retained
the ability to delipidate of all forms of mATGS8-PE proteins on autophagic membranes as
efficiently as did wild-type RavZ. This process was mediated by the MT domain in an

mATGS8 binding-independent manner. We also discovered that a RavZ mutant with an MT



domain deletion was still able to selectively delipidate mATGS8-PE proteins on autophagic
membranes. This activity was mediated by the LIR motifs in an mATG8 binding-dependent
manner, but with less efficiency than that of wild-type RavZ. Together, the LIR motifs or the
MT domain played minor or major roles in RavZ function in mATGS8 binding-dependent and

-independent manners, respectively.

Results and Discussion

Contribution of the LIR motifs to the RavZ wild type function

RavZ has previously been found to delipidate mATG8-PE on autophagic membranes
in an LIR motif-dependent manner (15). The LIR2 motif is also involved in the initial
recognition of LC3B-PE on autophagic membranes in vitro (11). In light of these reports, we
expected that a RavZ mutant that could not bind to mATGS8 would not delipidate mATG8-PE.
First, we examined the contribution of each LIR motif to RavZ functionality. To do this, we
did GST-pulldown assays to find out the mATGS8 binding properties of the wild-type RavZ
protein and RavZ proteins with LIR motif mutations (Fig. 1A). We fused a 3xFLAG motif to
the full-length RavZ protein (3XxFLAG-RavZ) and found that this protein binds to GST-LC3A,
GST-LC3B, GST-GABARAP, GST-GABARAP-L1, and GST-GABARAP-L2, but not to
GST-LC3C (Fig. 1B). However, 3xFLAG-RavZmnLir12-3, which has a point mutation in the
consensus sequences (W/F/Y-X-X-I/L/V -=> A-X-X-A) in all three LIR motifs, does not bind
to any of the mATGS8 proteins (Fig. 1B). This result indicates that the intact RavZ protein can
bind to LC3A/B and GABARAP/-L1/-L2, but mutations in the three LIR motifs of the RavZ
protein abrogated its binding to mATGS proteins.

In mammals, mATGS8 proteins belong to one of two subgroups, either the LC3 or

GABARAP subfamily (2). Therefore, we investigated LC3B- and GABARAP-positive



autophagic membranes as representatives of each subgroup by introducing either 3xFLAG-
RavZ or RavZ LIR mutant proteins using the GFP-LC3B or GFP-GABARAP proteins. To
exclude the possibility that the decrease of mATGS-II results from the rapid degradation of
the autophagic membranes, we treated cells with rapamycin and CQ, a lysosome inhibitor.
The expression of 3xFLAG-RavZ shows that there are few GFP-LC3B or GFP-GABARAP-
positive autophagic membranes in rapamycin or rapamycin + CQ-treated cells compared to
either monomeric red fluorescent protein (mRFP) or the 3xFLAG-RavZcasss catalytic mutant
(Figs. 2A and 2B). However, overexpression of 3xFLAG-RavZmrri12-3, the mutant that
cannot bind mATGS8, reduces the number of GFP-LC3B or GFP-GABARAP-positive
autophagic membranes in rapamycin or rapamycin + CQ-treated cell, which is a response
similar to that seen with 3XxFLAG-RavZ expression (Figs. 2A and 2B). These results suggest
that 3xFLAG-RavZmLir12-3 may still delipidate GFP-LCB-PE and GFP-GABARAP-PE on
autophagosome membranes independently of mATGS8 binding. Overall, these results indicate
that the binding of mATGS8 proteins to RavZ LIR motifs might not be essential for the
targeting of RavZ to autophagic membranes or the ability of RavZ to delipidate mATGS8-PE
on autophagic membranes.

To further investigate the contribution of LIR motifs to RavZ function, we measured
the depletion of LC3B-PE in RavZ-expressing cells using Western blot analysis in
rapamycin-treated cells HEK293T cells. Overexpression of 3xFLAG-RavZ or 3xFLAG-
RavZmrir12-3 reduces LC3B-II levels more than does either GFP or the 3xFLAG-RavZcasss
catalytic mutant (Figs. 2C). Our results suggest that RavZ proteins can delipidate all forms of
mATGS8-PE on autophagic membranes during rapamycin-induced autophagy independently

of mATGS binding.



Contribution of the LIR motifs to the MT domain-deletion RavZ mutant

To find out how LIR motifs contribute to the functionality of RavZ, we generated an
MT domain-deletion RavZ mutant, 3xFLAG-RavZ(AMT), to remove any compensatory
effects of the MT domain. We then investigated LC3B- and GABARAP-positive autophagic
membranes as well as LC3C-positive autophagic membranes, because the LIR motifs of
RavZ do not bind to LC3C. 3xFLAG-RavZ(AMT) reduces the number of LC3B- and
GABARAP-positive autophagosome numbers more than does 3XxFLAG-RavZcasss, but is less
effective than 3xFLAG-RavZ, whereas 3XxFLAG-RavZ(AMT) does not reduce LC3C-positive
autophagosome numbers more than does 3XFLAG-RavZcasss (Figs. 3A and 3B). In addition,
the expression of 3xFLAG-RavZ(AMT)uLir1/2-3, which both lacks an MT domain and has a
point mutation in the consensus sequences (W/F/Y-X-X-I/L/V -> A-X-X-A) within all three
LIR motifs, does not reduce the number of LC3B-, GABARAP-, or LC3C-positive
autophagic membranes, a response similar to that seen with mRFP or 3xFLAG-RavZczsss
(Figs. 3A and 3B). These findings reveal that a RavZ protein without an MT domain can
selectively delipidate mATGS8-PE on autophagic membranes in an LIR motif-dependent
manner, but less efficiently than wild-type RavZ does.

The LIR2 motif plays a key role in the initial recognition of LC3 on autophagic
membranes in vitro (11). To elucidate which LIR motifs are involved in the RavZ(AMT)
function in cells, we generated LIR1/2 motifs or an LIR3 motif mutant from 3xFLAG-
RavZ(AMT). 3xFLAG-3xFLAG-RavZ(AMT)mLir12, Which has a point mutation in the
LIR1/2 motifs, and 3XxFLAG-3xFLAG-RavZ(AMT)mLir3, which has a point mutation in the
LIR3 motif, increase the number of GFP-LC3B and GFP-GABARAP-positive autophagic
membranes more than does 3XFLAG-RavZ(AMT), indicating that both the LIR1/2 and LIR3

motifs are involved in RavZ(AMT) function (Figs. 3A and 3B). Overall, our results suggest



that the MT domain plays a major role in RavZ function and is involved in the delipidation of
all forms of mATGS8-PE on autophagosome membranes, whereas LIR motifs play minor roles
in RavZ function and are involved in the selective delipidation mATGS8-PE on autophagic
membranes.

The results of this investigation provide clear evidence that in RavZ, LIR motifs have
activities that are mediated by direct mATGS8 binding. In addition, RavZ has two
complementary pathways for autophagic membrane targeting: via PI3P or mATGS8 binding.
PI3P and mATGS8 proteins are key players in autophagosome functions, including
autophagosome biogenesis and fusion (16-18). PI3P is enriched in early autophagic
membranes, whereas mATGS8 proteins are stable and remain localized to the autophagic
membrane until the membrane is degraded by the lysosome. It appears that RavZ has
strategies for early and late autophagic membrane targeting to maximize efficiency for
impairing autophagic membrane formation in host cells.

Two working hypotheses have been proposed for RavZ protein localization and
activity within host cells. One is known as the “Tethering and Cut” model (7), in which the
N-terminal LIR1/2 motifs and the C-terminal LIR3 motif tether mATGS8-PE molecules on the
autophagosome membrane, and the catalytic domain of RavZ cuts one or the other of the
tethered mATGS8-PE proteins. In this model, RavZ binds to LC3 proteins via the N- and C-
terminal LIR motifs of RavZ. The other model is the “Lift and Cut” model (19), in which
RavZ localizes to the autophagic membrane via the MT domain and the a3 helix in the
catalytic domain (10). The LIR2 motif near the catalytic domain recognizes and recruits
mATGS8-PE proteins on the autophagic membrane. The catalytic domain of RavZ then
recognizes and cuts the mATGS8-PE proteins (11). Here, we propose an updated model of

RavZ functionality (Fig. 4). The RavZ protein can target autophagosome membranes using



two complementary pathways. One pathway is mediated by the PI3P-positive membrane
association via an MT domain for PI3P binding. The other pathway is mediated by direct
mATG8 binding by the LIR motifs. On autophagic membranes, a catalytic domain depletes
all forms of mATGS proteins (Fig. 4A). Therefore, in the absence of functional LIR motifs, a
RavZ mutant (RavZmiir1/2-3) can localize to the autophagic membranes by its PI3P-positive
membrane association mediated by the MT domain, and delipidate all forms of mATGS8-PE
on the autophagic membranes (Fig. 4B). In the absence of an MT domain, RavZ(AMT) can
target the autophagic membranes by direct selective mATGS8 binding mediated by the LIR
motifs, and delipidate LC3B-PE or GABARAP-PE on autophagosome membranes (Fig. 4C).
Thus, it appears that the effects of LIR motifs and the MT domain are complementary and

work through independent pathways in RavZ function.

Materials and Methods

DNA constructs

All primers used in these experiments are listed in Supplemental Table 1. We
generated the region encoding RavZ or RavZcasss by PCR amplification of pcDNA3.1(-)-
FLAG-RavZ or RavZcasss vectors and inserted it into the C1-3xFlag vector to generate C1-
3xFlag-RavZ or RavZc2sss using the restriction enzyme, Bglll-Apal. The pcDNA3.1(-)-Flag-
RavZ and RavZcysss vectors were kindly provided by Dr. Hyun Kyu Song (Department of
Life Sciences, Korea University, Seongbuk-gu, Seoul, Korea) (15). We amplified mutants of
the RavZ LIR motifs by PCR, using RavZ LIR1/2 or three mutant primers (Supplemental
Table 1) and inserted into the C1-3xFlag-RavZ vectors using the restriction enzymes BgllI-
HindIII and Sall-Apal. C1-3xFlag-RavZ(AMT) constructs were changed from the membrane-

targeting domain-containing catalytic domain to the catalytic domain in C1-3xFlag-RavZ or



RavZcasss vectors using the restriction enzyme HindIII-Sall. Additionally, each domain of
RavZ—the LIR1/2 motifs, the LIR3 motif, the membrane-targeting domain, and the catalytic
domain—was amplified by PCR using appropriate primers (Supplemental Table 1) and
inserted into pGFP-N3 or pGFP-C1 vectors with the restriction enzyme sets Nhel-Kpnl,
Xhol-Notl, Sall-Notl, or BgllI-Sall. GST-LC3A, GST-LC3B, GST-LC3C, GST-GABARAP,
GST-GABARAP-L1, GST-GABARAP-L2, and pMXs-puro GFP-DFCP1 were obtained from
Addgene (Cambridge, MA, USA). In this study, we employed DNA constructs that have
previously been described: GFP-LC3A, GFP-LC3B, GFP-LC3C, GFP-GABARAP, GFP-

GABARAP-L1, and GFP-GABARAP-L2 (20).

GST pulldown assay

For the GST pulldown assays with HEK293T cell lysates, cells were transfected with
the DNA encoding the indicated 3XxFLAG or GFP constructs using calcium phosphate (Takara
Bio) transfection. After transfection, cells were harvested, washed with PBS, lysed in
immunoprecipitation lysis buffer solution (50 mM Tris—HCI, pH 7.5, 150 mM NaCl, 2 mM
EDTA, 1% TX-100, and protease and phosphatase inhibitors) and removed by centrifugation.
Cell lysates were incubated with purified GST-mATGS8 proteins with glutathione-agarose
beads overnight at 4°C. The following day they were washed with an immunoprecipitation
lysis buffer solution at 4°C; this step was repeated three to five times. Proteins were then

resolved using SDS-PAGE and analyzed using Western blot analysis.

Cell culture, transfection, and confocal microscopy
This method has been previously described(21). We cultured HEK293T cells and

mouse embryonic fibroblast (MEF) cells in Dulbecco’s modified Eagle’s medium (DMEM)
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and supplemented with 10% (v/v) fetal bovine serum (FBS) and penicillin/streptomycin in a
humidified atmosphere of 5% (v/v) COz at 37 °C. Cells were seeded in a sticky-slide eight-
well system (Catalog #: 80828; Ibidi, Martinsried, Germany) to obtain 40%—-60% confluent
cells on the day of imaging. Cells were transfected with the indicated DNA constructs using
calcium phosphate or Lipofectamine 2000 (Life Technologies, Carlsbad, CA, USA) 24-26 h
before imaging. The relative amount of each construct was empirically calculated based on
the relative expression of each construct combination. We observed cells using an inverted
Zeiss LSM-700 scanning laser confocal microscope with ZEN software (Carl Zeiss,
Oberkochen, Germany). The laser lines for excitation and the spectral detection windows for
fluorochromes were 488 nm (508-543 nm for GFP) and 561 nm (578—-649 nm for mRFP).
We used appropriate GFP (500-550 nm) and mRFP (575-625 nm) emission filters for

sequential imaging of each fluorescent protein. Most images taken were of live cells.

Drug treatment

Rapamycin and chloroquine (CQ) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Autophagy was induced by incubating cells with 100 nM rapamycin in the presence or
absence of 50 uM CQ in DMEM + 10% FBS for 4 h. We did all treatments and assays at

37°C unless otherwise indicated.

Western blots

We prepared transfected HEK293T cell lysates by adding cells to lysis buffer
solution (50 mM Tris pH 7.5, 150 mM NaCl, 1% TX100, 5 mM EDTA, and protease
inhibitors). Equal amounts of protein were resolved by SDS-PAGE, transferred to PVDF

membranes, and incubated with primary antibodies overnight at 4°C. After three washes, we
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incubated membranes with secondary antibodies and conjugated with horseradish peroxidase
for 1 h. Signals were visualized with ECL with an Advansta WesternBright ECL kit (K-
12045-D50). We used FLAG (Sigma, F1804) antibody at 1:20,000, the LC3 antibody
(Signaling Technology, #2775) at 1:1000, the S-actin antibody (Santa Cruz Biotechnology, sc-
47778) at 1:1000, and the goat anti-mouse HRP antibody (Santa Cruz Biotechnology, sc-

2005) or goat anti-rabbit HRP antibody (Santa Cruz Biotechnology, sc-2313) at 1:10,000.

Spot number analysis

To find the reduction in mATG8-positive autophagosomes by enzyme activation of
RavZ in autophagy-induced cells, we counted the number of spots over a certain size in a
single cell using the Image-J software. The cell image was changed to an 8-bit image and
inverted. The background was then removed so that only the spots remained visible. Finally,
we counted the number of spots using the “Analyze particles” function of Image-J. A
minimum of 20 cells was quantified using this approach. All statistical data were calculated

and graphed using GraphPad PrismS5.
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Figure Legends

Figure 1. Binding efficiency of the RavZ protein and RavZ mutants to mATGS8
proteins in vitro. (A) Schematic diagram of 3xFLAG-RavZ protein and its mutants. LIR,
LC3 interacting region; CAT, Catalytic domain, MT, Membrane targeting domain. WT,
3xFLAG-RavZ wild-type; C258S, 3xFLAG-RavZcysss, a catalytically inactive mutant;
mLIR1/2-3, 3xFLAG-RavZmLr12-3, @ point mutation in the consensus sequences (W/F/Y-X-
X-I/L/V > A-X-X-A) within all LIR motifs from 3xFLAG-RavZ. (B) mATGS8 protein-
binding property of 3xFLAG-RavZ using GST pulldown assays. 3XxFLAG-RavZ binds to
GST-LC3A/B and GST-GABARAP/-L1/L2 proteins, whereas 3xFLAG-RavZuLr12-3 did not
bind to any of the mATGS proteins. Upper panel: anti-FLAG, Lower panel: Coomassie blue

staining.

Figure 2. Role of the RavZ LIR motifs on the delipidation of LC3B or
GARARAP protein in rapamycin-induced autophagy. (A and B) Confocal images (A)
showing cellular localization of GFP-LC3B or GFP-GABARAP, co-expressed with 3xFLAG-
RavZ protein or the indicated RavZ mutants in MEFs upon autophagy induction (100 nM
rapamycin (Rapa) + 50 uM CQ, 4 h). Arrows are representative of autophagic membranes.
Scale bar: 10 um. The bar graphs (B) illustrate the autophagosome spot numbers per cell (n =
20 for each group). 3xFLAG-RavZ and 3xFLAG-RavZmLr12-3 reduce the number of GFP-
LC3B or GFP-GABARAP-positive autophagic membranes in rapamycin or rapamycin + CQ-
treated cells compared to either mRFP or the 3xFLAG-RavZc2sss catalytic mutant. Data are
presented as mean + SEM. N.S., not significant. ***p < 0.001 (one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test). (C) Depletion of endogenous LC3B-II by

RavZ protein and the indicated mutants using Western blot analysis in HEK293T cells.
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Representative Western blots of three independent experiments of endogenous LC3B in cells
expressing 3xFLAG-RavZ protein or the indicated mutants in MEFs upon autophagy
induction (100 nM rapamycin). 3XxFLAG-RavZ or 3xFLAG-RavZmLir1/2-3 reduces the LC3B-

II levels more than does either GFP or 3XxFLAG-RavZc»sss.

Figure 3. Role of the LIR motifs of RavZ(AMT), an MT domain-deletion mutant,
on delipidation of LC3B or GARARAP protein in rapamycin-induced autophagy. (A)
Confocal images showing cellular localization of GFP-LC3B, GFP-GABARAP, or GFP-
LC3C co-expressed with 3xFLAG-RavZ(AMT) protein or the indicated mutants in MEFs
upon autophagy induction (100 nM rapamycin). (B) The bar graphs illustrate the GFP-LC3B-,
GFP-GABARAP-, or GFP-LC3C-positive autophagosome spot numbers per cell (n = 20 for
each group). The expression of 3xFLAG-RavZ(AMT), but not 3xFLAG-RavZ(AMT)uLr1/2-3,
significantly reduces the number of GFP-LC3B- or GFP-GABARAP-positive autophagic
membranes, whereas only the expression of 3xFLAG-RavZ, but not 3XFLAG-RavZ(AMT) or
the indicated mutants, affects the number of GFP-LC3C-positive autophagic membranes in
rapamycin or rapamycin + CQ-treated cells compared to either mRFP or the 3xFLAG-
RavZcosgs catalytic mutant. Data are presented as mean = SEM. N.S. (not significant). *P <
0.05, ***p < 0.001 (one-way analysis of variance (ANOVA) followed by Tukey’s post hoc
test). WT, 3xFLAG-RavZ wild-type; C258S, 3xFLAG-RavZcasss, a catalytically inactive
mutant; AMT, 3XxFLAG-RavZ(AMT), a MT-domain deletion mutant; AMTmrir12, 3XFLAG-
RavZ(AMT)mLr12, @ point mutation in the LIR1 and 2 motifs in 3XxFLAG-RavZ(AMT);
AMTnLr3, 3XFLAG-RavZ(AMT)mLir3, a point mutation in the LIR3 motif in 3xFLAG-

RavZ(AMT); AMTmLir1/2-3, 3XFLAG-RavZ(AMT)Lirm1/2-3, @ point mutation in all LIR motifs.
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Figure 4. Schematic model of the molecular mechanism of autophagosome
targeting of RavZ proteins and RavZ mutants. (A) RavZ proteins can target autophagic
membranes via two complementary pathways. One major pathway is mediated by the o3
helix in the catalytic domain and the MT domain via weak membrane association and PI3P
binding. Another pathway is mediated by the a3 helix in the catalytic domain and the LIR
motifs, via weak membrane association and mATG8 binding. The catalytic domain of RavZ
hydrolyzes the amide bond between the C-terminal glycine residue and an adjacent aromatic
residue of all forms of mATGS proteins on autophagic membranes. Therefore, RavZ proteins
delipidate mATGS8-PE irreversibly. However, it is not clear whether the LIR motifs ahead of
the catalytic domain may be involved in substrate recognition on autophagic membranes. (B)
The mATGS binding-deficient RavZ mutant (RavZmLir12-3) can target autophagic membranes
by the a3 helix in the catalytic domain and the MT domain via weak membrane association
and PI3P binding. The catalytic domain of RavZmLir12-3 can delipidate all forms of mATGS-
PE on autophagic membranes. (C) RavZ(AMT), the MT domain deletion mutant of RavZ,
can target autophagic membranes by the a3 helix in the catalytic domain and the LIR motifs,
via weak membrane association and mATGS8 binding. The catalytic domain of RavZ(AMT)
can delipidate LC3B-PE or GABARAP-PE, but not LC3C-PE, on autophagic membranes in

an LIR motif-dependent manner.
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Supplemental table 1. Primer sequences used for the experiments.

Reverse:

Construct Primer sequences (5-3’)

RavZ (WT) and Forward: AAGAGATCTATGAAAGGCAAGTTAACA

RavZ (C258S) Reverse: GTAGGGCCCCTATTTTACCTTAATGCC

RavZ (mLIR1) Forward: GAGGCTGAAGAAGCGGGAGAACAGGAATCCGAT
Reverse: TCCCGCTTCTTCAGCCTCATCCACTATTAATTT

RavZ (mLIR2) Forward: GAAGCTGATCTTGCTGAAGGTGATGAGAAATTG
Reverse: TTCAGCAAGATCAGCTTCATCGATATCGGATTC

RavZ (mLIR3) Forward: GATGCTGTGACTGCCGAAAAAGACGAACTATTC

TTCGGCAGTCACAGCATCATCTATCGTATCATC

RavZ (AMT) and

Forward:

TGAGAAGCTTCCTGGCGACTCAGAGCTT

Reverse:

RavZ (C2588S, Reverse: CACGCGTCGACCGTTAATGTTTTACCTTCAGTCAA

AMT)

RavZ LIR 1-2 Forward: CGCCCAAGCTTGCCACCATGATAGTGGATGAGTTTGAA
Reverse: GACGGTACCCTCATCACCTTCAAGAAG

RavZ LIR 3 Forward: CGACCGCTCGAGACGATAGATGATGCTGTG

ATAAGAATGCGGCCGCCTATTTTACCTTAATGCCACC

Catalytic domain

Forward:

Reverse:

AAGAGATCTTCTATTTATCCTCCCGAA
CACGCGTCGACCTATAATGTTTTACCTTCAGT

Membrane

targeting domain

Forward:

Reverse:

CTAGGGCTAGCGCCACCATGCCGGTACAGCTTTCTGAA
GACGGTACCATCATCAAACTTGACACA

Catalytic domain
(Aa3)

Forward:

Reverse:

CTGCAACGTTTATACTTCCTATTACCAAAGGGGTTCAACA
TGTTGAACCCCTTTGGTAATAGGAAGTATAAACGTTGCAG




